Abstract: Global ecosystem services are clearly threatened by deforestation associated with the human occupation and economic development of the Brazilian Amazon. However, the prognosis for the socioeconomic wellbeing of inhabitants remains unclear. In an empirical regularity that has been termed the "boom-bust" pattern or the "resource curse," the exploitation of natural resources is associated with short-run gains in welfare that dissipate over time. This "coupling hypothesis" asserts that deforestation and development are correlated such that deforestation leads to only short term advances in economic welfare that are not sustained once natural forests (along with their mature timber and soil inputs) are exhausted. In contrast, the "decoupling hypothesis" asserts that deforestation and development need not be correlated over time. In this context, growth that is initially based on deforestation may be sustained and translated into prolonged welfare gains, even once the forest is exhausted. Using census and deforestation data from 1991, 2000 and 2010 for municipalities (i.e. counties) in the Amazon region we confirm that this boom-bust pattern appears in cross-sectional data. However, using panel data we show that socioeconomic welfare has become decoupled from environmental factors and is converging to rising national averages. Our findings contradict the conventional wisdom that the exploitation of tropical forests is required to promote Amazonian development.
INTRODUCTION
The colonization of the Brazilian Amazon has been a contentious topic of debate for over four decades with development objectives pitted against conservation concerns (Goodland and Irwin 1975) . This is not surprising given that the region contains unmatched levels of biodiversity (Godoy et al. 2009; Gibson et al. 2011) in vast terrestrial and aquatic ecosystems (Hess et al. 2003) supporting both the largest river system (by discharge) on earth and an enormous stock of carbon in the forest biomass (Nogueira et al. 2008; Brando et al. 2008 ).
Continued land-use change has the potential to impact the global hydrological cycle via biogeophysical processes that affect the energy balance of Earth's surface (Feddema et al. 2005) and increase ecosystem vulnerability via anthropogenic (Uriarte et al. 2012; Brondizio and Moran 2008) and non-anthropogenic feedback effects (Davidson et al. 2012 ).
The global, national, and local ecosystem services provided by the Amazon biome are clearly threatened by deforestation associated with human occupation and development (Nobre 2014; Laurance et al. 1999; Nepstad et al. 1999 ). However, the prognosis for the long-term economic and social wellbeing of the inhabitants of the region remains unclear (Ioris 2015; Guedes et al. 2014; Guedes et al. 2012) . One prediction is that growth will ultimately slow in the Amazon because economic booms associated with exploiting old-growth forest are short-lived and dissipate once the forest is depleted (e.g. Rodrigues et al. 2009 ). Such a "boom-bust" pattern could be caused by reliance on low cost natural resource inputs that eventually increase in price as their relative scarcity increases. For example, if tropical soils are inherently poor, fertile agricultural land will only be available as an input to production for a short period following deforestation (Lu, Moran and Mausel 2002) . Alternatively, the process of deforestation may directly affect the growth trajectory. For example, the resource curse literature suggests that high rents associated with deforestation may discourage investment in other sectors and increase corruption (Barbier 2005) . Both the "rising input costs" and the "political economy" explanations suggest that growth of income and welfare will initially rise, but will ultimately decline as deforestation progresses, potentially becoming negative. However, it is also possible that growth rates achieved during periods of rapid deforestation will be sustained even after the forest resource is exhausted. In theory, if resource rents are reinvested in physical or human capital, and if there are sufficient possibilities for substitution between natural resources and other inputs, growth will not necessarily slow as resources become scarce (Solow 1974; Stiglitz 1979) . In this case, growth initially based on deforestation will ultimately become decoupled from natural resources, and thus patterns of growth and development in the Brazilian Amazon could follow those of other regions in Brazil.
Specifically, neoclassical growth theory predicts that long-term growth rates will depend on technical progress, and that countries and regions will converge with one another, conditional on their production technologies and institutions (Solow 1956 ).
Understanding the relationship between development and deforestation in the Brazilian
Amazon is increasingly relevant for policy at the national and global levels. Under the 2004 National Plan to Prevent and Control Deforestation in the Brazilian Amazon (PPCDAm), the Brazilian government significantly expanded the protected area network; made progress towards clarifying land tenure; and employed the world"s largest and most advanced real-time deforestation monitoring system (DETER -Detection of Deforestation in Real Time) to strengthen enforcement of existing command and control policies in the Amazon (Assunção, Gandour and Rocha 2012) . These efforts met with significant political resistance from the agricultural and pro-development lobbies, which have sought to undermine environmental laws including the Brazilian Forest Code (May, Millikan and Gebara 2011) . In Brazil, the political debate about measures to reduce deforestation often focuses on their expected negative implications for economic development.
Brazil has taken significant steps towards setting targets and developing strategies for REDD+ (Reducing Emissions from Deforestation and Degradation) under the United Nations Framework Convention on Climate Change. There are also numerous sub-national initiatives in the Brazilian Amazon ranging from state government programs to private projects to generate offset credits for the voluntary market Duchelle et al. 2014; Lin et al. 2012 ).
Persistent concerns have been raised about the potential impacts of REDD+ on local livelihoods and socioeconomic welfare (Ghazoul et al. 2010; Chhatre et al. 2012) . While these impacts depend in part on the particular interventions used to achieve REDD+, they also depend on the general relationship between deforestation, growth and development.
Thus, evidence for the long-term impacts of deforestation on economic growth is needed to better inform national and global policy debates on reducing tropical deforestation.
The relationship between protecting the valuable ecosystem services provided by intact tropical forest and improving the wellbeing of households in developing countries cannot be fully understood by studying incomes or standards of living in a single time period. In particular, rapid growth may be observed while deforestation is occurring, but it may or may not be sustained over time. Empirical regularities observed in cross-sectional data have led observers to expect one of two patterns to result from the dynamics of deforestation and development. First, the "coupling hypothesis" asserts that deforestation and development are correlated such that deforestation leads to only short term advances in economic welfare that are not sustained once natural forests (along with their mature timber and soil inputs) are exhausted and no more deforestation is possible. Although the temporal relationship between deforestation and economic growth would differ, this hypothesis is consistent with both the "boom-bust" and the "resource curse." In either case, the trade-offs between protection of ecosystem services and improvements in living standards are likely to be high in the short term, but low in the long term because growth based on deforestation is not likely to be sustained. Any negative economic impacts of policies to avoid deforestation are therefore lower than the immediate benefits from deforestation would suggest.
In contrast, what we term the "decoupling hypothesis" asserts that deforestation and development need not be correlated over time. In this context, growth that is initially based on deforestation may be sustained and translated into prolonged welfare gains, even once the forest is exhausted. This could mean that deforestation-growth tradeoffs are substantial, but also suggests that it may be possible to find ways other than deforestation to generate those sustained welfare gains, since they are not tied directly to deforestation. For example, if substantial REDD+ payments or any profits from deforestation were invested in human and physical capital, the result could be more sustained growth than achieved with deforestation. If municipal economies become decoupled from the resource base as forests become scarce and/or the population becomes more urbanized, the immediate opportunity costs of limiting deforestation may dissipate over time.
We use Brazilian census and deforestation data from 1991, 2000 and 2010 for municipalities (i.e. counties) in the Amazon region to test these hypotheses and describe the trajectories of economic growth and development during periods of active deforestation. Our findings are consistent with the "decoupling hypothesis" and provide evidence of a neoclassical growth pattern of convergence (Barro 1991) for the Amazon and across all municipalities in Brazil.
DEFORESTATION-GROWTH HYPOTHESES
The use of natural resources such as tropical forests can profoundly impact the growth and development of an economy. While rapid growth is expected during the early stages of deforestation due to abundant low-cost inputs, the growth path of an economy once forests become scarce is ambiguous. Standard neoclassical models of economic growth do not directly address the role of natural resources as an input to production, or the potential implications of resource scarcity for the sustainability of growth rates over time. In these models, the growth of output per worker depends on the change in the capital stock per worker and the rate of technical progress (see Solow 1956) . If diminishing returns to capital are assumed, higher levels of saving and capital investment can only raise output growth in the short run. In the long run, growth will revert to a steady state determined by the rate of technical progress. As a result, economies with similar institutional characteristics are predicted to converge over time because those with low initial levels of capital and income experience greater returns to capital investment, and therefore grow faster than those with higher initial capital and income.
To expand this model, natural resources per worker (n) can be explicitly included in the production function along with human and physical capital per worker (k):
Within this framework, increasing use of natural resources will result in growth of output per worker (y), with the nature of the relationship dependent on the functional form assumed (i.e. diminishing, constant, or increasing returns).
Neoclassical analysis of the economics of natural resources (Solow 1974; Stiglitz 1974; Dasgupta and Heal 1974) has shown that in the case of non-renewable resources, growth rates can be sustained as natural resources become scarce provided that the elasticity of substitution between (physical and human) capital and natural resources is greater than 1. In other words, if the prices of natural resource inputs rise as they become more scarce (as in a competitive market setting), and if it is possible to substitute capital for natural resources, then substitution is expected to take place. This may be the result of substitution of inputs (for example, using manufactured fertilizer as soil fertility declines), or substitution of outputs (such as shifting from raw agricultural products to processed goods). In either case, the share of natural resources in aggregate economic output declines. This makes the impact of resource scarcity on growth selflimiting because the rise in prices of natural resources has less impact on growth as their contribution to overall production declines (Solow 1978) . In contrast, if the elasticity of substitution is less than one (such that substitution of natural resources for capital does not readily occur), growth will slow as the costs of natural resource inputs rise.
In the context of deforestation, natural resource inputs include both timber from forested land and the fertile agricultural land available immediately after forest clearing. Both of these have been characterized as "non-renewable" when old growth forests are cleared, due to the slow growth rates of natural forest and inherent limitations of tropical soils (Davidson and Martinelli 2009; Foley et al. 2007 ). However, the implications of the above models are similar in principle for renewable resources, suggesting that as resource availability declines, there may be substitution into capital inputs or application of capital inputs to recover the natural resources, e.g. through reforestation or improvements in soil fertility.
This model of the relationship between natural resources and growth suggests that as forest cover in Brazilian municipalities declines, growth will slow if there is limited substitution between natural resources and other inputs to production. However, if there is good potential for substitution, a shift into production based on man-made capital and labor would be expected.
This may entail changes in production technologies and associated changes in input mixes, but it could also result from shifts in the types of goods and services produced (Stiglitz, 1979) such as a transition from tropical hardwood timber and subsistence crops, to more input-intensive agricultural commodities and plantation timber to non-agricultural activities in conjunction with increased urbanization.
Thus, the two competing hypotheses (the "coupling" and "decoupling" hypotheses) reflect, in part, different underlying assumptions about the ease of substitution between natural resources and capital. If there are limited options for the substitution of natural resources (as the coupling hypothesis assumes), the growth of aggregate output will slow as natural resource scarcity increases,. On the other hand, if substitution is relatively easy, the increase in prices experienced as natural resources become scarcer does not necessarily affect growth rates. In this case, timber availability or soil fertility may still fall, but the affected sectors would adopt alternative production technologies or output combinations that are intensive in alternative inputs. Implicit in this decoupling hypothesis is the assumption that income resulting from the initial resource exploitation is re-invested in some form of capital, whether physical, human, or natural (e.g., through reforestation or soil improvements). An alternative mechanism that could also lead to "coupling" of deforestation and growth is a lower rate of saving and investment of resource rents than other sources of income, such as suggested in the literature on the "resource curse" (Barbier 2005) . If the high resource rents earned from deforestation lead to increased corruption, underinvestment in capital, or are simply moved out of the region, deforestation is unlikely to have a sustained positive impact on growth.
In this paper, we test whether economic growth is coupled with deforestation in the Brazilian Amazon. Specifically, we test the null "coupling" hypothesis that the rate of increase in income and welfare initially rose and then fell with deforestation, as reflected in the cumulative total deforestation in a municipality at the end of each period. Such a pattern could be driven by the rising costs of natural resource inputs and/or political economy factors that hinder other sectors. In either case, the proximate cause of the bust is a lack of investment in alternative forms of capital during the boom period, whether due to low substitutability of inputs or poor institutional or financial incentives to invest. Under the alternative hypothesis of decoupling, economic growth is still predicted in the early stages of deforestation, but as more land is cleared, the relationship between forest resources and economic growth weakens. and high income municipalities, conditional on institutional and other characteristics that determine the production function. Thus, municipalities may converge to a regional average for northern Brazil, based on their similar institutional and biophysical factors, or to a national average, supported by Brazilian federal policies that help less-developed municipalities and states catch-up to the national average (Liu 2009; Abramovitz 1986 ).
METHODS (a) Study Areas
Our first scope of analysis includes the municipalities in the Amazon Biome in Brazil, defined as municipalities that had at least 70% mature forest cover 
(c) Analysis
We first investigate whether welfare appears coupled with deforestation among municipalities within the Amazon Biome. We graph the relationship between deforestation and changes in HDI, and test for a quadratic relationship using Ordinary Least Squares (OLS) regression 4 . If there is a "boom-bust" economic cycle related to deforestation, the HDI and Income Index would increase with deforestation across municipalities with low deforestation levels and decrease with deforestation across municipalities with high deforestation levels. A "boom-bust" pattern would be evidenced by a positive and significant coefficient on the deforestation ratio (Deforestation) and a negative and significant coefficient on its square (Deforestation 2 ) with a turning point within the range of 0 to 100% deforestation. In addition to testing for a "boom-bust" pattern, we also test for what we call conditional convergence (because the specification includes deforestation) by including the log of the HDI or the Income Index in the first year of the time period in our regression models. Convergence would be evidenced by a negative coefficient on the log of the initial level of HDI or the Income Index. Finally, we provide visual support for our results with maps of deforestation, the HDI and changes in the HDI for the Amazon Biome and the nation.
RESULTS

(a) Amazon Analysis (Municipality Observations)
Graphical analysis of the relationship between deforestation and development suggests that they were coupled before the decade of the 2000s. The highest rates of growth in HDI occurred in municipalities that were about 70% deforested, with slower growth in municipalities that had less deforestation and in those nearly fully deforested. However, HDI still increased in the most deforested municipalities ( Figure 3A) . In other words, rather than a bust, there was simply less boom, in what could be described as a "boom-pop" relationship. Moreover, in the 2000s ( Figure 3B ), we see a gain in income in municipalities at all levels of deforestation, with the greatest increases observed in municipalities with the highest levels of deforestation. 5 (Figure 3 here)
In the regression analyses of HDI and the Income Index, we find deforestation by itself to have little explanatory power (R-squared of between 4 and 7%), and in more recent years, we find the signs on deforestation coefficients to be opposite of what would be expected under a "boom-bust" pattern (Table 2 , columns 1, 3 and 5). Once we include the initial level of HDI in our model of conditional convergence, we find evidence of both convergence and a "boom-bust" pattern for 1991-2000 and 1991-2010 (Table 2 , columns 2, 4 and 6). However in both cases, most of the explanatory power comes from the initial level of HDI, suggesting the importance of initial conditions in determining the growth of welfare and income. In the model of the Income Index (Table 3) , we find similar results: in more recent years we find the signs on deforestation coefficients to be opposite of what would be expected under a "boom-bust" pattern and that most of the explanatory power comes from the initial level of HDI.
( Tables 2 and 3 here) To assess whether our results are sensitive to our selection of municipalities, which replicates the study design of Rodrigues et al. (2009) , we perform the same analysis for all 757
(of 783 municipalities) within the Brazilian Legal Amazon and with less than 5% of their area covered by pixels of unknown status (Tables 4 and 5 ). We find no evidence of a "boom-bust" pattern in this sample (e.g., the coefficient on deforestation is negative) but do find evidence of convergence (e.g., the lagged log of the HDI and Income Index have positive and significant coefficients) with similar explanatory power in the models.
( Tables 4 and 5 Figure 3A ; 95% confidence interval shaded in gray); suggesting that 83% of the variation in the rate of HDI growth can be explained by HDI levels in 1991. There is also consistent evidence of positive, but diminishing effects of deforestation on growth. This is the pattern that would be predicted by the "de-coupled" hypothesis: initial welfare levels have increasingly strong roles in explaining variation in growth rates as the economy becomes less dependent on natural resource inputs.
For interpretation, it is important to recall that these are models of the growth rates of HDI, rather than the levels. Conditional on initial levels of development, municipalities have higher rates of growth as the proportion of land deforested increases up to an inflection point of 70-80%. After that point, growth slows, but importantly, it remains positive. Although a slowing of growth is observed in the most deforested municipalities, welfare does not decline, and HDI levels remain above those with more remaining forest area. In addition, the explanatory power of the deforestation variable is low relative to the initial HDI and Income Index. This is why we interpret the models as showing a "boom-pop" rather than a "boom-bust".
We also test for the boom-bust-recovery pattern identified in cross-sectional data by Celentano et al. (2012) 6 . In these estimations, we find the opposite of a boom-bust-recovery when the log of 1991 HDI is included in the model. In this case, the coefficients on deforestation, deforestation-squared and deforestation-cubed are all significant but negative, positive and negative respectively. Together, these coefficients suggest that more growth occurs in municipalities with high levels of deforestation (between 25 and 75%). However, the inclusion of deforestation-cubed does not improve the explanatory power of the models nor is it significant in the model that includes the log of 1991 HDI. 6 Results available upon request. 7 The explanatory power for the models with deforestation-cubed are the same as in Table 2 .
We also test for convergence within the deforestation "classes" defined by 
(b) National Analysis (Municipality and Census Region Observations)
In addition to identifying evidence of convergence in the Amazon, we also find support for a convergence pattern throughout the nation ( Figure 5 ). Regression analysis reveals a robust inverse relationship between average HDI growth rates for 1991-2010 and the natural log of HDI in 1991 (HDI 1991 ) for all Brazilian municipalities, with an R-squared equal to 89% ( Figure 5A ).
Similar to the Amazon, we find evidence of a strong negative correlation between the growth rate from 1991 to 2010 and the log on the HDI and income indices ( Figures 3A and 3D) ; with weaker correlation for each decade. resulting in the pattern noted in Figure A2A (in the appendix) and similar trends for the income index ( Figure A2B ) (see the appendix), but a marked difference between the northern and southern regions of the country. These maps show the biggest changes in HDI occurred in the southern part of the nation in the 1990s, but this relatively large increase in HDI moved to the northern part of the nation (including, but not limited to, the Amazon) in the decade to follow.
( Figures 6 and 7 here)
DISCUSSION
The study of boom-bust cycles dates to the late 1800s when this pattern was associated with boomtown industries in the American West (Graves, Weiler and Tynon 2009) . The term was later associated with the economic business cycle, credit trends, and housing market changes linked to recessionary and expansionary periods of macroeconomic growth (Schumpeter 1954; Besomi 2006) . Predictions of a similar fate for the Amazon were first put forward shortly after the development of "Operation Amazonia" by the military government. The irreversibility of deforestation and associated environmental degradation was expected to leave settlers with little choice but to become "poorer, hungrier, less philoprogenitive, and more nomadic" (Goodland and Irwin 1975) ). The theoretical underpinning for this argument is that socioeconomic wellbeing is closely tied to-or coupled with-resource use.
While the boom-bust hypothesis is a prediction about how economies will develop over time, it has been tested with cross-sectional data on municipalities in the Brazilian Amazon (Table 6 ). Thus, while the Amazon remains less urbanized (73% urban in 2010) than the rest of Brazil (84% urban in 2010), the urban population and the proportion of the population that is urban both grew much faster in the Amazon as compared to the country as a whole (Table 6 ). Furthermore, it appears that much of the gains in HDI occurred in municipalities where this urbanization has been the most rapid, as the correlation between the change in the percent urban (by municipality) and the change in the HDI, increased from 0.15 between 1991 and 2000 to 0.26 between 1991 and 2010.
( Table 6 here)
CONCLUSIONS
The possibility of sustained development in the Brazilian Amazon has long been questioned, accompanied by dire predictions of ecosystem and economic collapse (Peres and Schneider 2012; Hecht and Cockburn 1990) . Our results show that to date, deforestation has not been followed by economic decline. Instead we find compelling evidence that development in the Amazon is being driven by a "catch-up" effect, reinforced by economic growth that has made While we find some evidence that deforestation is positively related to growth, the effects are small relative to other drivers of development, and diminish as deforested areas expand. We argue that neither the "boom-bust" nor "boom-bust-recovery" explain development patterns over time and that the neoclassical growth model, which has been used to model growth in many nations and regions, is a more likely explanation for the growth trajectory in the Amazon over the past couple decades.
Although forest clearing continues at a pace exceeding the 2020 target proposed to combat global climate change (INPE 2011), Brazil has made historic strides towards reducing deforestation. The nation currently employs the largest and most advanced real-time deforestation monitoring system in the world and has vastly expanded its protected area network (Walker et al. 2009; Nepstad et al. 2006; Nolte et al. 2013 ). Brazil has also been a key player in REDD+, committing to targets and taking a lead role in negotiations under the United Nations Framework Convention on Climate Change (UNFCCC) (Assunção et al. 2012 ).
Our findings suggest that while deforestation can be the basis for improvements in welfare through economic development, it need not be. Although deforested areas of the Amazon are growing rapidly relative to the rest of Brazil, and the municipality-level results suggest that the level of deforestation is positively associated with growth of the HDI, we find that both minimally and heavily deforested regions are experiencing large, measurable increases in wellbeing. Furthermore, we observe a considerably stronger negative effect of initial HDI on growth that holds at the national, municipality, and regional levels, but identify a clear distinction between the wealthier southern portion of the country (the South, Southeast and Central West census regions) and the poorer northern region (the North and Northeast census regions). While the northern regions are clearly catching up to the national average, they still have a long way to go. Together these findings suggest that the investment of REDD+ payments in policy measures aimed at directly improving welfare in poor forested regions, or at encouraging the transfer of skills and technology between regions, could potentially (and over the long run) counteract the immediate effects of any lost income from avoided deforestation.
. Notes: Standard errors in parenthesis; *, **, and *** indicate significant at 10%; 5%; and 1% levels, respectively ψ The deforestation ratio is the ratio of the deforested area to the total land area in the ending time period (the cumulative deforestation at the time period end) Notes: Standard errors in parenthesis; *, **, and *** indicate significant at 10%; 5%; and 1% levels, respectively ψ The deforestation ratio is the ratio of the deforested area to the total land area in the ending time period (the cumulative deforestation at the time period end) Notes: Standard errors in parenthesis; *, **, and *** indicate significant at 10%; 5%; and 1% levels, respectively ψ The deforestation ratio is the ratio of the deforested area to the total land area in the ending time period (the cumulative deforestation at the time period end) . Notes: Standard errors in parenthesis; *, **, and *** indicate significant at 10%; 5%; and 1% levels, respectively ψ The deforestation ratio is the ratio of the deforested area to the total land area in the ending time period (the cumulative deforestation at the time period end) . Includes 757 municipalities within the Legal Amazon 95% or more of their area covered by pixels of known status; see Tables 5  and 6 . 
